Introduction
============

Oral squamous cell carcinomas are among the widest spread malign tumours [@B1]. Late diagnosis due to the asymptomatic, fast and aggressive progression [@B2], [@B3] and early occurring metastasis of the tumour are responsible for a 5 year survival rate of 39-43% [@B4], [@B5]. Local excision, chemotherapy, radiotherapy and combinations thereof are common treatment regimens [@B6]-[@B9]. To increase the survival rate new treatment regimens and drugs are required.

Natural compounds play a significant role in drug discovery and development [@B10], [@B11]. One of these natural compounds with broad spectrum of physiological effects is curcumin. The phytochemical can be isolated from the rhizome of the ginger plant Curcuma longa. For thousands of years it has been a part of the traditional Asian medicine. Among others it is known for its anti-inflammatory and anti-oxidative potential [@B12]. Taking into account the hardly existing toxicity, curcumin is a promising substance to develop anti-tumorigenic therapeutic strategies. Obstacles are the low bioavailability of curcumin due to low resorption from the gastrointestinal tract, low solubility [@B13] and fast metabolisation [@B14]. Therefore even after administering high curcumin concentrations pharmacological relevant effects are not achievable [@B15], [@B16]. Inhibiting metabolic degradation [@B17], [@B18], encapsulating curcumin in micelles [@B19] or binding to nanoparticles [@B20]-[@B22] are strategies to increase the curcumin concentration in the serum. Another possible therapy concept is the combination of low concentrations of curcumin (0.1-2 µg/ml) with UVA or visible light (VIS) [@B23]-[@B25]. Aim of this study was to investigate the influence of curcumin in combination with light on oral squamous cell carcinoma cells.

Materials and Methods
=====================

Cell culture and treatment
--------------------------

The human oral squamous cell carcinoma cell line (HN ACC 417, DSMZ, Leipzig, Germany), the spontaneous immortalized human keratinocyte cell line HaCaT [@B26] and the human epidermoid carcinoma cell line A431 (ATCC^®^ CRL1555™) were cultured in Dulbecco\'s Modified Eagle\'s Medium (D-MEM, Gibco, Karlsruhe, Germany) with GlutaMax supplemented with 10% (v/v) fetal calf serum (FCS, PAA, Cölbe, Germany) and 1% (v/v) penicillin/streptomycin solution (Gibco) in 7.5% CO~2~ atmosphere at 37°C. Curcumin (Sigma-Aldrich Taufkirchen, Germany) was dissolved as previously described [@B23], [@B27]. Briefly, cells were incubated for 1h with medium containing 0.01µg/ml to 1µg/ml curcumin. For irradiation either with 1J/cm^2^ ultraviolet A (UVA, Waldmann, Villingen-Schwenningen, Germany) or visible light (VIS, 5500 lx, Philips GmbH, Hamburg, Germany) the medium was replaced with PBS (Gibco) or PBS curcumin. After irradiation PBS was replaced with culture medium containing no curcumin.

Morphological properties
------------------------

HN cells were cultivated in microwell plates at a density of 1×10^4^ cells/0.33 cm^2^ and were exposed to curcumin as mentioned. Immediately after irradiation cells were transferred to the incubator microscope unit. Morphological properties were monitored, analysed and photodocumented every 2h for 16h with the incubator microscope unit IncuCyte (EssenBioScience, Hertfordshire, UK).

Cell proliferation
------------------

Cells were cultivated in microwell plates at a density of 2×10^4^ cells/0.33 cm^2^. Cells were exposed to curcumin as mentioned. Immediately after irradiation cells were pulsed for 16h with 5-bromo-2\'-deoxyuridine (BrdU). The incorporation rate of BrdU was determined using a commercial enzyme-linked immunosorbent assay (ELISA) kit (Roche, Mannheim, Germany) as previously described [@B28]. Briefly, cells were fixed and immune complexes were formed using peroxidase-coupled BrdU-antibodies. A colorimetric reaction with tetramethylbenzidine as a substrate gave rise to a reaction product measured at 450nm in a scanning multiwell spectrophotometer (ELISA reader, MR 5000; Dynatech, Guernsey, UK).

Membrane integrity
------------------

Cell lysis was quantified using the cytotoxicity detection kit (Roche), which is based on the release of lactate dehydrogenase (LDH) from damaged cells. Briefly, HN cells were seeded in microwell plates as described above and were treated with curcumin and UVA or VIS. As a positive control (maximal cell damage), cells were treated with 1% Triton X-100 (Merck, Darmstadt, Germany). Subsequently, the cell-free supernatants were incubated with NAD^+^, which is reduced by LDH to NADH/H^+^. In a second step, NADH/H^+^ reduces a yellow tetrazolium salt to a red-coloured formazan salt. The amount of red colour is proportional to the number of lysed cells. For quantitation, the absorbance of the reaction product was measured at 490nm using a multiwell spectrophotometer.

Reactive oxygen species generation
----------------------------------

Oxidation of dihydrorhodamine 123, an oxidation-sensitive indicator, which can be converted to the fluorescent derivative rhodamine 123, namely by superoxide and hydrogen peroxide [@B29], [@B30] was used as indicator for free radical generation as previously described [@B24]. HN cells were pre-incubated with the respective curcumin media and 10mM dihydrorhodamine 123 for 1h. Thereafter the cells were washed with PBS and irradiated for 5min with VIS. Rhodamine 123 fluorescence was consecutively measured every 10min (excitation 485nm, emission at 530nm) using a CytoFluor (series 4000, PerSeptive Biosystems, Framingham, USA).

Apoptosis
---------

DNA fragmentation was chosen as indicator of apoptosis. Quantification was performed with the Cell Death Detection ELISA (CDD; Roche, Mannheim, Germany) according to the manufacturer\`s specifications. Cells were seeded in 96-well microtiter plates with a density of approximately 2×10^4^ cells/0.33 cm^2^. On the following day cells were treated as described above. 15h after the treatment culture medium was discarded and the adherent cells were lysed and further processed as described [@B23].

Immunhistochemical analysis of cleaved caspase-3
------------------------------------------------

HN cells were seeded in a cell density of 2x 10^4^ cells/ml on glass cover slides. On the following day the cultures were treated as described above or treated with 1µM or 10µM camptothecin (Sigma-Aldrich) as positive control. All cultures were fixed after 4h in 4% paraformaldehyd (Carl Roth) for 15min at room temperature. Thereafter the cultures were washed three times for 10min with PBS before blocking with PBS containing 5% (v/v) bovine serum albumin (Carl Roth) and 0.3% Triton X-100 for 60min. Subsequently cells were stained overnight at 4°C with 1:500 diluted polyclonal rabbit anti-human cleaved caspase-3 (ASP-175, Cell Signaling, Frankfurt, Germany). Before incubating with 1:500 diluted polyclonal goat anti-rabbit IgG (H+L), Alexa Fluor 546 conjugated (Thermo Fisher Scientific, Rockford, USA) for 2h at room temperature, cells were washed three times with PBS. After the secondary antibody incubation cells were washed again three times for 10min in PBS. Cell nuclei were counterstained with DAPI (Thermo Fisher Scientific) for 10min at room temperature and washed briefly in PBS and demineralised water. Coverslips were covered with Aqua Poly Mount (Polysciences, Hirschberg an der Bergstrasse, Germany) and fixed on microscope slides. Photographs were taken with a digital camera (Sony Cyber Shot 3.3, Sony, Cologne, Germany) connected to an Olympus BX-50 (Olympus, Hamburg, Germany) and processed with ImageJ [@B31].

Presentation of data and statistical analysis
---------------------------------------------

All data are presented as mean values ± standard deviation. Statistical significance of the data was evaluated by the Wilcoxon-Mann-Whitney U-test (BIAS, Frankfurt, Germany). Each set of data was related to the referring untreated control. Differences were considered significant at p≤0.05: \*, p≤0.01: \*\*, ^\#\#^, p≤0.001: \*\*\*, ^\#\#\#^.

Results
=======

Influence of curcumin on cell morphology
----------------------------------------

First of all we investigated whether cell morphology was influenced by curcumin and/or the applied combination treatment. HN cells were pre-incubated with curcumin (0.01µg/ml-1µg/ml). Subsequently, they were either left un-irradiated, were irradiated with 1J/cm^2^ UVA or were irradiated for 5min with VIS. Immediately after the treatment the cultures were monitored every second hour for 16h with an incubator microscope unit. Cell morphology did not alter in cultures treated solely by the specified curcumin concentrations. In cultures treated with curcumin concentrations of 0.8µg/ml and 1µg/ml in combination with UVA (Fig. [1](#F1){ref-type="fig"}) as well as in cultures treated with 0.6µg/ml and 0.8µg/ml curcumin in combination with VIS (Fig. [2](#F2){ref-type="fig"}) cell retraction and dynamic plasma membrane blebbing were evident. Clear discrimination between mitotic and apoptotic cells was possible (Fig. [3](#F3){ref-type="fig"}).

Influence of curcumin on membrane integrity
-------------------------------------------

After showing irradiation and curcumin concentration dependent morphological changes of HN cells we ascertained whether cell integrity was influenced by curcumin and/or the applied combination treatment. HN cells were pre-incubated and irradiated as described before. After 24h the enzyme activity of lactate dehydrogenase in cell free supernatants was analysed. Curcumin without light treatment had no effect on lactate dehydrogenase liberalisation (Fig. [4](#F4){ref-type="fig"}, white bars). After irradiation with either UVA (Fig. [4](#F4){ref-type="fig"}A, striped bars) or VIS (Fig. [4](#F4){ref-type="fig"}B, black bars) we observed that the enzyme activity increased depending on the applied curcumin concentrations. Lactate dehydrogenase activity in supernatants increased after UVA irradiation when applying 0.4µg/ml - 1µg/ml curcumin. After VIS irradiation significant lactate dehydrogenase enzyme activity increase was observed for curcumin concentration of 0.05µg/ml. Maximal activity increase was reached when applying 0.4µg/ml curcumin after VIS irradiation. After irradiation with UVA a steady increase was observed for the tested curcumin concentrations. As positive control HN cells were treated with 1% Triton X-100 (bricked bars). Comparison of these cultures to the controls or to the curcumin treated cultures revealed a highly significant activity increase caused by Triton X-100.

DNA synthesis was impaired after curcumin and light treatment
-------------------------------------------------------------

HN cells were pre-exposed to curcumin before irradiation. The impact on proliferation was analysed by monitoring the incorporation of BrdU as thymidine base analogue during the S-phase of mitosis. Curcumin alone or irradiation alone did not influence BrdU incorporation in any way (Fig. [5](#F5){ref-type="fig"} white bars). Analysis after UVA (Fig. [5](#F5){ref-type="fig"}A, striped bars) or VIS (Fig. [5](#F5){ref-type="fig"}B, black bars) irradiation showed that the amount of incorporated BrdU and therefore the proliferation potential was significantly reduced in the samples that had been exposed to curcumin. Administering 0.8µg/ml curcumin before UVA treatment reduced BrdU incorporation to 71% of the irradiated control. The same curcumin concentration and VIS irradiation reduced the BrdU incorporation to 37% of the respective irradiated control. Even low concentrations of 0.05µg/ml after VIS irradiation revealed a 17% lower BrdU incorporation rate than in irradiated control cultures. To classify whether HN cells are more sensitive to the described photodynamic treatment than other cells direct comparison to the spontaneously immortalized keratinocyte cell line HaCaT and the epidermoid cancer cell line A431 was performed (Fig. [6](#F6){ref-type="fig"}). In all three cell lines curcumin concentration dependent BrdU incorporation reduction after VIS irradiation was evident. Furthermore it could be shown that a highly significant lower BrdU incorporation after treatment with 0.6µg/ml and 0.8µg/ml curcumin in combination with VIS could be observed in HN (black bars) cells than in A431 (bricked bars) or HaCaT (pointed bars) cultures.

The concentration of VIS induced reactive oxygen species was reduced by curcumin
--------------------------------------------------------------------------------

Generation of reactive oxygen species (ROS) is a known parameter for evaluation of the phototoxic potential of photosensitizing compounds [@B32]-[@B34]. Monitoring the generation of ROS after curcumin and light treatment was chosen to study whether curcumin utilizes a similar mode of action. No significant induction of ROS was detected by treatment with curcumin alone (Fig. [7](#F7){ref-type="fig"}, white bars). To induce ROS, cell cultures were irradiated with VIS for 5min (Fig. [7](#F7){ref-type="fig"}, black bars) achieving a 130% higher ROS level than under control conditions. Analysis of cultures that had been pre-incubated with curcumin before VIS irradiation showed a significant reduction of ROS generation. Pre-incubation with curcumin concentrations of 0.1µg/ml to 1µg/ml completely reversed the ROS inducing influence of VIS irradiation. Likewise ROS savaging effects were observed when using 50mM H~2~O~2~ as ROS inducer (data not shown).

Curcumin and light induced DNA fragmentation
--------------------------------------------

Apart from reducing proliferation the induction of apoptosis is also a desired effect to target tumour cells. As analytical parameter for apoptotic processes we monitored DNA fragmentation. HN cells were seeded in multiwell plates. After adherence they were either left untreated, were treated with 0.1µg/ml staurosporine (bricked bars) or were pre-incubated with curcumin (0.01µg/ml - 0.8µg/ml) prior to irradiation. Curcumin alone did not induce DNA fragmentation (Fig. [8](#F8){ref-type="fig"}, white bars). DNA fragmentation of cell cultures treated with curcumin and light was significantly increased. After UVA irradiation (Fig. [8](#F8){ref-type="fig"}A, striped bars) an increase of DNA fragmentation in comparison to the irradiated control of 40% (0.1µg/ml curcumin) to 129% (0.8µg/ml curcumin) was observed. Analysing DNA fragmentation of curcumin/VIS treated cultures showed a 110% increase after pre-incubation with 0.05µg/ml curcumin. The DNA fragmentation after VIS irradiation (Fig. [8](#F8){ref-type="fig"}B, black bars) increased depending on the applied curcumin concentration up to a final concentration of 0.2µg/ml curcumin. Further increasing the curcumin concentration to 0.4µg/ml resulted in a decreased DNA fragmentation in comparison to the cultures treated with 0.2µg/ml curcumin. Immunhistochemical staining of cleaved caspase-3 (Fig. [9](#F9){ref-type="fig"}) showed a concentration dependent increase of cleaved caspase-3 positive cells 4h after treatment with 1µg/ml (Fig. [9](#F9){ref-type="fig"}E) and 10µg/ml camptothecin (Fig. [9](#F9){ref-type="fig"}F). Furthermore it could be shown that incubation with 1µg/ml Curcumin (Fig. [9](#F9){ref-type="fig"}C) alone induced a slight induction of caspase-3 cleavage. Irradiation with VIS (Fig. [9](#F9){ref-type="fig"}B) induced no caspase-3 cleavage. After the combination treatment of curcumin and VIS (Fig. [9](#F9){ref-type="fig"}D) an increased number of cleaved caspase-3 positive cells as well as an increase of fluorescence intensity could be observed.

Discussion
==========

Oral squamous cell carcinomas have a high incidence and recurrence rate [@B35] as well as a low 5 year survival rate [@B4], [@B5]. Amending therapeutic options is therefore highly desired. During the last decades a re-orientation to natural compounds that have been used for centuries in traditional medicine is observed. Among those is the phytochemical curcumin. It is qualified as a cancer therapeutic due to its low risk of adverse events [@B36], [@B37] in comparison to other cytostatics. Another beneficial factor is that curcumin targets a broad range of signalling pathways [@B38] that are involved in cancer and inflammatory diseases [@B39], [@B40]. To overcome the obstacle of the low bioavailability of curcumin [@B14] we have established a photodynamic treatment combining low curcumin concentrations and radiation with either UVA or VIS. Differences of efficiency of the two light entities were observed. The effects induced after VIS treatments were more potent than after UVA treatments. This correlates to the absorption maximum of curcumin at 420nm [@B42]. The spectrum of VIS (380-780nm) overlaps this absorption peak whereas UVA (315-400nm) can only peripherally activate curcumin which has an absorption range of 300 to 500nm. We previously showed that cell proliferation was reduced and apoptosis induced after photodynamic treatment of cancerous and non-cancerous cell lines [@B23], [@B24] as well as in a mouse xenograft tumour model [@B25].

In this study we analysed whether curcumin can also be used for oral squamous cell carcinoma. In this context we particularly focused on tumour-relevant parameters such as proliferation and apoptosis. Of great interest was that HN cells were more sensitive to the photodynamic treatment than epidermoid carcinoma cells or the keratinocyte cell line HaCaT. Clear cell line specific reduction of the proliferative potential after photodynamic treatment with curcumin was evident. Treating primary gingiva fibroblasts and human submandibular cancer cells using curcumin doses of up to 10µM in combination with or without successive irradiation with a dental lamp [@B41], [@B42] revealed a concentration dependent viability reduction. In contrast to our results these effects were first observed after application of concentrations higher than 1µM curcumin. Reduction of cell proliferation was already observed after combination treatment of 0.05µM curcumin and VIS. Even though the enzyme activity of lactate dehydrogenase 24h after curcumin-light treatment was increased in comparison to the untreated control, there was still a highly significant difference to the enzyme activity of cultures whose membranes had been lysed with Triton X-100. Lactate dehydrogenase enzyme activity is classically used as indicator for cell membrane damage [@B34] and therefore indicates necrosis. In absence of phagocytosis it has been described that apoptosis can lead to processes that are called secondary necrosis [@B43] due to membrane disintegration. It is very likely that the lactate dehydrogenase enzyme activity increase in this study is related to secondary necrosis. The irradiation dependent induction of DNA fragmentation and caspase activation are positive indicators for apoptosis [@B44]-[@B46]. In some cases cytotoxicity and apoptosis are induced by ROS release [@B32], [@B41]. The reduced ROS secretion after the photodynamic treatment can be considered as another indicator that cytotoxicity in the used concentrations is not likely and that apoptosis is induced in a ROS independent fashion. Tumour progression is a very complex process. Oxidative stress is one factor that promotes tumour progression [@B47]. Therefore inducing apoptosis, reducing proliferation and oxidative stress seems a promising therapeutic strategy. Compared to the sole oral application of curcumin the application of curcumin and light irradiation has many advantages in clinical use. The combined treatment of light irradiation and curcumin requires significantly lower concentrations of curcumin to achieve the desired effects [@B48]. Moreover, the anti-tumorigenic effects are limited to the irradiated area protecting the surrounding tissue. The combined curcumin/irradiation treatment represents a reasonable addition to the established anti-cancer therapies and can be applied in combination with the approved methods of tumour excision, radiatio and chemotherapy. Nearly all areas in the buccal cavity can be treated with curcumin, e.g. in the form of a cream. Irradiation through an optical fibre is easy to realize with standard equipment. The photodynamic treatment with curcumin and light represents a reasonable addition to the established treatment regimens of oral tumours.

Conclusion
==========

Curcumin in low concentrations is a potential candidate for photodynamic therapy of oral squamous cell carcinoma due to its anti-proliferative and pro-apoptotic potential. Further studies utilising tissue and animal models will evaluate this innovative treatment.
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###### 

**Cell morphology after irradiation with UVA changes depending on the curcumin concentrations.**Cell integrity was monitored with an incubator microscope unit immediately after the treatment and after 16h. Morphological criteria of mitotic cells (red arrows) as well as apoptotic cells (white arrows) were observable and exemplarily marked.
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###### 

**Cell morphology changes after irradiation with VIS depending on the applied curcumin concentrations.**Cell integrity was monitored with an incubator microscope unit immediately after the treatment and after 16h. Morphological criteria of apoptotic cells (white arrows) were observable after co-treatment with 0.4µg/ml (F), 0.6µg/ml (I) and 0.8µg/ml (L) curcumin 16h after VIS irradiation in contrast to criteria of mitotic cell (red arrows) that were less observable in the co-treated cultures. Characteristic culture areas (yellow squares) are enlarged in Fig. [3](#F3){ref-type="fig"}.
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![**Cells treated with curcumin show mitotic as well as apoptotic morphological criteria depending on the applied curcumin concentration and co-treatment with light.** Characteristic cell areas marked by yellow squares in Fig. [2](#F2){ref-type="fig"} are herein shown in a higher magnification. Cells were treated for 1h with 0.6µg/ml (A, B) or 0.8µg/ml (C, D) curcumin. Cells that were kept light protected (A, C) showed clear mitotic activity after 16h whereas cells irradiated with VIS (B, D) showed membrane blebbing and complete cell retraction.](jcav08p1271g005){#F3}

![**Curcumin influences membrane integrity after irradiation with UVA or VIS.**Cell integrity was monitored by assaying LDH activity in supernatants 24h after treating HN cells with curcumin and successive UVA (A) or VIS (B) irradiation. Neither the applied curcumin concentrations (white bars) nor one of the light entities alone influenced the membrane integrity of HN cells. Co-stimulation with curcumin and either of the light sources increased the LDH activity (striped bars, black bars). The positive controls 1% Triton-X100 (bricked bars) caused maximal LDH activity. The data displayed are representative of three experiments performed with comparable results. Average absorbance values (mean ± SD) from sextuplicate replicates per experimental condition were calculated. \* p ≤ 0.05; \*\*\* p≤0.001 versus the un-irradiated control; ^\#\#\#^ p≤0.001 versus any sample.](jcav08p1271g006){#F4}

![**Curcumin in combination with UVA or VIS inhibits proliferation.**HN cells were pre-incubated with curcumin and thereafter irradiated with UVA (A) or VIS (B). The proliferative potential was monitored by BrdU incorporation for 16h after the treatment. BrdU incorporation was not influenced by administering curcumin in the used concentrations (white bars). Combining these concentrations with either UVA (striped bars) or VIS (black bars) significantly reduced the BrdU concentration. The data displayed are representative of three experiments performed with comparable results. Average absorbance values (mean ± SD) from sextuplicate replicates per experimental condition were calculated. \* p ≤ 0.05 versus the respective un-irradiated control.](jcav08p1271g007){#F5}

![**Curcumin in combination with VIS inhibits proliferation in different cell lines.**HaCaT (pointed bars), A431 (bricked bars) and HN cells (black bars) were pre-incubated with curcumin and thereafter irradiated with VIS. The proliferative potential was monitored by BrdU incorporation for 16h after the treatment. BrdU incorporation was reduced depending on the applied curcumin concentration and investigated cell specie. The data displayed are representative of three experiments performed with comparable results. Average absorbance values (mean ± SD) from sextuplicate replicates per experimental condition were calculated. \* p ≤ 0.05, \*\* p ≤ 0.01, \*\*\* p ≤ 0.001, versus the respective control and ^\#\#\#^ p ≤ 0.01, ^\#\#\#^p ≤ 0.001, versus another cell line treated with the same curcumin concentration.](jcav08p1271g008){#F6}

![**Curcumin reduces VIS related oxidative stress**HN cells were pre-incubated with dihydrorhodamine and curcumin. Thereafter the cultures were irradiated with VIS for 5min (black bars) or were kept light protected (white bars). Fluorescence measured after 60 minutes is shown. The values of the un-irradiated controls were set to 100%. The data displayed are representative of three experiments performed with comparable results. Average absorbance values (mean ± SD) from sextuplicate replicates per experimental condition were calculated. \* p ≤ 0.05 versus the irradiated control.](jcav08p1271g009){#F7}

![**Apoptosis is induced by curcumin-UVA or curcumin-VIS treatment.**HN cells were pre-incubated with curcumin and thereafter irradiated with UVA (A) or VIS (B). DNA fragmentation was evaluated after 15h. The applied curcumin concentrations had no effect on DNA fragmentation (white bars). Combining curcumin with UVA (striped bars) or VIS (black bars) induced concentration dependent increase of DNA fragmentation comparable to a treatment with 0.1µg/ml staurosporine (bricked bars). The data displayed are representative of three experiments performed with comparable results. Average absorbance values (mean ± SD) from sextuplicate replicates per experimental condition were calculated. \* p ≤ 0.05 versus the respective un-irradiated control.](jcav08p1271g010){#F8}

![**Caspase-3 cleavage is induced by curcumin-VIS treatment and camptothecin.**HN cells were either cultivated in control medium (A, B) or were pre-incubated with 1µg/ml curcumin (C, D). Thereafter they were irradiated with VIS (B, D) or were kept light protected (A, C). As apoptotic inducer camptothecin was used in two concentrations; 1µg/ml (E) and 10µg/ml (F). Caspase-3 cleavage was analysed after 4h. Cleaved caspase-3 positive cells are indicated by white arrows exemplarily.](jcav08p1271g011){#F9}
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